Since the cold start of the internal combustion engine is not fuel efficient for vehicles, a warm start is desired. In this work, we propose to use thermal switching materials to warm-up the engine quickly at the cold start. We found that the V-VO 2 core-shell structure can be a thermal switching material, which yields a higher electrical conductivity due to the electron transfer from V to VO 2 above the insulator to metal transition temperature. The surface of V particles was converted into VO 2 by controlled annealing in air, resulting in a V-VO 2 core-shell structure. With such a V-VO 2 core-shell structure, electrical conductivity increased from 2.1 Â 10 5 to 5.1 Â 10 5 S m À1 through the insulator-to-metal transition, resulting in an electronic thermal conductivity increase from 1.51 to 4.87 W m À1 K À1 .
Introduction
The internal combustion (IC) engine converts chemical energy in fuel to mechanical energy. The average fuel conversion efficiency of an IC engine is in the range of 35-40%, 1 when the engine is completely warmed up with the lubricant temperature at 100-110 C. 2, 3 However, it is only about 9% at the beginning when the engine is cold (with the lubricant below 25 C).
3,4
Therefore, knowledge of how to get the engine warmed up to its optimum temperature very quickly, is extremely important to the overall fuel efficiency of especially personal cars, since vehicles need about 5 to 10 minutes to warm up to their optimal efficiency. 3 A warming up time of 5-10 min for each cold start is a very signicant portion of the total driving time for personal cars. Ideally, the engine will warm up to the optimal temperature in the shortest time, if the thermal loss is zero below that temperature, but very high above that temperature to keep the engine at the optimal temperature for the best efficiency. This requires materials with thermal conductivity very low, to prevent heat from leaking out, below a certain temperature and very high above that temperature, to dissipate the heat when the engine is warmed up, preventing the engine from overheating. Such a function can only be achieved by a thermal switch: off/ on, meaning a signicant thermal conductivity change from very low to very high at the required temperature. Unfortunately such a thermal switch within the required temperature range does not exist. Our study mainly aims at demonstrating such a concept in a material structure.
It is well known that thermal energy in solid is transported by two components: lattice (k L ) and charges
is the Lorenz number, s the electrical conductivity, and T the absolute temperature). 6 In order to have a signicant change, a phase change is necessary since two different structures will have different k L and k e . With increase in k e , we can expect increase in k, if k L does not change too much.
In previous studies, some of the materials on their solidliquid phase transition showed high switching capability, for example, Zn 3 Fig. S1a in the ESI. † It is clear that even though the electrical conductivity changes by a factor of $10 in polycrystalline and more than 100 in lm (Fig. S1b in the ESI †) , the thermal conductivity only changes by a factor of less than 2, either increases in thin lm 34, 35 or decreases in polycrystalline. 31 The reason is that the absolute electrical conductivity of both materials above the insulator-metal transition is not high enough to result in a high k e , so the total k is not high in metallic phase. It is clear only when the electrical conductivity is high enough, then change in k e can lead to a high total thermal conductivity. Since the total thermal conductivity of VO 2 [53] [54] [55] [56] In this paper, we report our studies on a V-VO 2 core-shell structure ( Fig. 1(a) ), hoping for the free electrons transferring from V to VO 2 above the phase transition temperature to reach the electrical conductivity close to that of V: 5 Â 10 6 S m À1 . 57 Below the phase transition temperature, it is insulator, since all the electrons of V are conned in V by VO 2 shell. However, above the phase transition temperature, VO 2 becomes metallic and the free electrons of V can move into VO 2 to make the bulk more conducting when VO 2 is thin enough. For our V-VO 2 core-shell system, it could be possible to achieve thermal conductivity increase by a factor of 5, if we can get dense sample so that in the metallic phase k would be close to that of vanadium ($30.7 W m À1 K À1 ) 58 and in the insulating phase k would be close to that of VO 2 (3-6 W m À1 K
À1
) when each vanadium particles in sample enclosed completely by thin insulating VO 2 layer. We're interested in this system because of its temperature driven solid-state thermal switching at temperature close to the optimum temperature of lubricant in the IC engine.
Previously, different methods have been used to prepare VO 2 thin lm. Some of the literatures have reported the preparation of VO x lm rst, and anneal it at different atmospheres (in air, O 2 , N 2 , Ar, etc.) in order to get or improve VO 2 phase. [59] [60] [61] [62] The annealing temperature is different in different reports. Similarly, the preparation of VO 2 lms from V precursors have been reported in many papers. [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] Annealing V resulted in different oxides depending on availability of oxygen through the depth, with V 2 O 5 on the top, VO 2 in the middle, and VO 0.5-1.0 close to the substrate of the lm. [69] [70] [71] [72] [73] Such variation in oxidation state of V was controlled either by supplying low pressure oxygen or by making very thin V lm to make the oxygen availability similar throughout the thickness of the lm.
75
In our case, the V-VO 2 core-shell structure was formed by making the compacted pellet rst and then converted the surface of each V particle into VO 2 by controlled annealing in air. The formation of VO 2 was conrmed by different measurements such as DSC heat ow curve and electrical resistivity. The XRD characterization and TEM analysis further conrmed it. The electrical and thermal conductivity near the phase transition temperature was also studied to support the concept.
Experimental
The V-VO 2 core-shell structure was developed by a three step annealing of the pressed pellets in air. The V metal powder (99.5%, Alfa Aesar) with particle size <44 micron was cold pressed at $460 MPa pressure for 3 minutes to make porous disks. The disks were then cut into bars of 1.5 mm Â 1.5 mm Â 11 mm, and nally the bars were annealed in air in a tube furnace. The annealing was done at 350, 380, and 425 C for 7
hour at each temperature, with a heating rate of 2 K min À1 . For the XRD analysis, V powder was annealed. The phase formation was studied by XRD (X'Pert PRO PANalytical) with Cu-Ka radiation at room temperature and transmission electron microscope (TEM JEOL 2100F). The microstructure of the polished surface of the sample was studied by a scanning electron microscope (SEM, JEOL 6304F). The electrical as well as thermal conductivity of the samples were measured in the same direction by a four probe method using the thermal transport option (TTO) of a physical properties measurement system (PPMS, D060, Quantum Design) from room temperature to 120 C. The latent heat of the sample was measured by the differential scanning calorimetry (DSC, 404 C, Netzsch). The errors for electrical conductivity and thermal conductivity are 3% and 5%, respectively.
Results and discussion
The formation of V-VO 2 core-shell structure ( Fig. 1(a) ) by oxidizing the surface of V particles is shown in the XRD patterns ( Fig. 1(b) ). The electrical conductivity of the samples prepared at different conditions is shown in Fig. 1(c) . As shown, the sample annealed at 350 C for 7 h clearly shows the transition in electrical conductivity across the phase transition of VO 2 . This transition at 68 C indicates the initiation of formation of VO 2 , but very thin, since there is no visible peaks of VO 2 on XRD pattern of powder sample, annealed in the same condition ( Fig. 1(b) ). Another sample was annealed at 350 C for 7 hours plus 380 C for 7 hour, and it was found that the transition in conductivity is sharper. Upon further annealing, a third sample annealed at 350 C for 7 hours, then 380 C for 7 hours, and then 425 C for 7 hour, shows a much sharper change in electrical conductivity ( Fig. 1(c) ) by a factor of 2.5, as well as clear appearance of the peaks of VO 2 in the XRD pattern ( Fig. 1(b) ). In comparing the XRD peak intensity, we noticed that the VO 2 is still thin, but V 2 O 5 started to form indicated by the arrow, which led us to not anneal the samples at even higher temperature. Xray photoelectron spectroscopy (XPS) analysis ( Fig. 1(d) C has the highest electrical conductivity above the transition, we chose this annealing condition for further study. With increase in annealing temperature and time, the sample is also denser, that's probably why the electrical conductivity in the insulating phase is also increased. HRTEM analysis of the V-VO 2 core-shell samples is shown in Fig. 2 . The high magnication image ( Fig. 2(b) ) taken at the edge of the sample (Fig. 2(a) ) shows the lattice spacing of 0.206 nm, corresponding to the (120) plane of VO 2 .
The amount of VO 2 formed on V is calculated by the latent heat measurement using DSC. Fig. 2(c) shows the heat absorption curve of the sample by DSC measurement. It is interesting to note that the peak of DSC curve for V-VO 2 coreshell structured sample is shied towards lower temperature due to the size effect. 37, 38, 46 The latent heat for polycrystalline VO 2 is found to be 43.37 J g À1 (which is a little bit lower than the reported value (51.65 AE 0.25) J g À1 for the single crystal 30 ), but that of the V-VO 2 core-shell sample is 4.97 J g À1 , meaning only about 9-11% (mass) is VO 2 and the rest about 90% is still V with trace amount of other vanadium oxides as impurity phase. The thermal conductivity of the samples is shown in Fig. 3(a) . It clearly shows a gradual thermal conductivity increase across the phase transition. For the 7 + 7 + 7 h annealed sample, thermal conductivity increased from 8.08 W m À1 K À1 at room temperature to 9.89 W m À1 K À1 at 120 C, by about 22%.
The room temperature total thermal conductivity increased with increasing temperature and time, which is probably due to better and better structure connection of the grains. Hall measurement shows that the carrier concentration increases across the transition (Fig. 3(d) ), a clear demonstration of the core-shell modulation doping concept: electrons spill from V into VO 2 above the transition. Since the carrier concentration of 7 + 7 + 7 h sample is higher than polycrystalline bulk VO 2 sample 33 (inset in Fig. 3(d) ) before and aer phase transition, which further conrms that the increase in electron density of 7 + 7 + 7 h sample above transition temperature is due to the electron spill from V into VO 2 . The Hall mobility (Fig. 3(e) ) increases with temperature across the transition, which also supports the increase in electrical conductivity above the transition, different from most of the reports on VO 2 (ref. 33, 36, 78 and 79) showing decrease in mobility. The small change in carrier density indicates that either in the metallic phase the electrons transferred from V to VO 2 are not as many as we hope for, or the electrons blocked within V by VO 2 in the insulating phase are not as many as we hoped for, or both, which is not understood right now. The electronic thermal conductivity (k e ) (Fig. 3(b) ) calculated by using W-F relationship, increased from 1.51 W m À1 K À1 at room temperature to 4.87 W m À1 K À1 at 120 C for 7 + 7 + 7 h sample, with the lattice contribution decreased by 1.55 W m À1 K À1 (Fig. 3(c) ). Previous reports 29, 31, 33, 80 also showed similar type of decrease in lattice thermal conductivity for sample with VO 2 only, however, our sample has VO 2 only 9-11% of the whole mass of the sample. Even though the electrical conductivity of V could be close to 5 Â 10 6 S m À1 at room temperature, 57 our V-VO 2 core-shell samples only showed an electrical conductivity of about 5 Â 10
, an order of magnitude lower, which is most likely due to the low density of 5.28 g cm À3 for our V-VO 2 core-shell sample (only about 90% of the theoretical density of 5.90 g cm
À3
). Such a low density will certainly results in low electrical conductivity due to the electron scattering in porous areas (SEM image in Fig. S3 in the ESI †). Another possible reason for the low electrical conductivity is the presence of V 2 O 5 phase, since it has very low electrical conductivity ($50 S m À1 at 120 C). 81 According to the XRD pattern of 7 + 7 + 7 h sample (aer polishing its surface), there exist a trace amount of other oxides like VO 2Àx (VO 0.5 , etc.), which might also be responsible for the lowered electrical conductivity. For our sample, VO 2Àx phase couldn't be avoided completely, since there exist an oxygen gradient along the radial direction of each particle. We also found that the V 2 O 5 phase is present only on the outer surface of each particle since XRD of the polished samples don't have V 2 O 5 peak (Fig. S2 in the ESI †) .
In principle, the intrinsic thermal conductivity of V-VO 2 coreshell above the transition could be close to that of V ($30 W m
58 but it is actually much lower (9.89 W m À1 K
À1
) due to the high porosity (low electrical conductivity), as shown in SEM image in Fig. S3 in the ESI, † as well as the presence of other vanadium oxides (XRD pattern in Fig. 1(b) and S2 in the ESI †). We now face a challenge how to oxidize the outer surface of each particle of a 100% dense pellet. Similarly, we were unable to avoid V 2 O 5 phase on outer surface of each core-shell particle.
The electronic thermal conductivity of 7 + 7 + 7 h sample is increased by 3.36 W m À1 K À1 ; however, total thermal conductivity increased only by 1.81 W m À1 K À1 , across the phase transition. Since, VO 2 is only 10% (by mass) present in our sample, the lattice thermal conductivity across the transition shouldn't change by such a large amount (by $24% as in Fig. 3(c) ), as previous reports shows $11% decrease in pure VO 2 nano beam 80 (calculated theoretically) and $27% decrease in VO 2 polycrystalline samples 29, 31 (calculated using W-F relationship). Therefore, we can assume lattice thermal conductivity in the metallic phase (lled symbol in Fig. 3(c) ), similar to that in the insulating phase. The effective electrical thermal conductivity (k eff e ) in the metallic phase can be calculated by subtracting lattice thermal conductivity in the insulating phase from the total thermal conductivity in the metallic phase, as shown by lled symbol in Fig. 3(b) . The effective Lorenz number in the metallic phase can be calculated by using
The effective Lorenz number (Fig. 3(f) ) of 7 h sample is found to be $0. also show the switching behavior of thermal conductivity on VO 2 samples doped with the tungsten (W). This further indicates that, with only VO 2 it is not possible to get increased total thermal conductivity by pursuing higher electrical conductivity. However, the core-shell concept is clearly demonstrated and can be applied to the W doped VO 2 materials, which requires a signicant amount of work and is out of the scope of this paper. Similarly, the material having phase transition temperature $100 C is better for the application. Therefore, VO 2 need to be modied to meet the requirement of phase transition temperature or need to search for new materials with phase transition temperature between 80 and 100 C to get better performance.
Conclusion
We designed and studied a V-VO 2 core-shell structure to realize a potential large change of thermal conductivity at the phase transition of VO 2 due to transfer of the free electrons from V to VO 2 above the transition temperature via modulation doping principle. The V-VO 2 core-shell structure can potentially be used for thermal switching. The VO 2 shell was formed by annealing V in air at limited temperatures to avoid formation of V 2 O 5 and other higher oxides. We indeed observed higher electrical conductivity in V-VO 2 core-shell samples than any of the reported polycrystalline bulk VO 2 materials, but still about an order of magnitude lower than the expected value due to mainly low density (about 90%). Electronic thermal conductivity increased by 3.36 W m À1 K
À1
; however, total thermal conductivity increased by only 1.81 W m À1 K À1 across the phase transition, indicating the effective Lorenz number to be 0.56 L o in the metallic phase. Even though the overall thermal conductivity increased only by 22%, it demonstrated the concept: increase thermal conductivity through increase of electronic thermal conductivity as a result of solid-solid phase transition.
